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Introduction
Intracranial aneurysm rupture and subarachnoid hemorrhage (SAH) accounts for about 5% of all stroke types, with an overall incidence of SAH of in 9 per 100,000 person-years in 2005. Against the general trends of decline for the incidences of stroke, the incidence of SAH has evidently remained stable over the last few decades. Aneurysmal SAH (aSAH) has very high morbidity and mortality rates and because aSAH often occurs at a younger age than other strokes, there is a cumulative effect due to the longer loss of personal and occupational independence. The incidence is higher in younger men and older women, and known risk factors include genetic predisposition, hypertension, alcohol abuse and smoking [8] .
Studies have shown that the overall outcomes for SAH patients have improved, with almost 80%
of the patients having a relatively good neurological outcome in the months and years after their initial injury. However, recent evidence suggests that good neurological outcome does not equate to good neuropsychological and cognitive outcome [12, 25] . A meta-analysis reported that impairments in the cognitive domains of memory (both visual and verbal), executive function and language could linger, persist for years [1] , and potentially worsen over time. One recent study found that 3 months after the SAH event, almost 95% of 111 patients complained of at least one cognitive or emotional problem that affected their activities of daily living. Cognitive complaints included all domains of executive function, particularly involving mental slowness, short-term memory, and attention deficits [22] . Another study showed that working memory performance, in particular, was associated with poor mental-interpersonal scores on the Work Limitations Questionnaire (WLQ), and it was related to overall reduction in healthrelated work productivity [5] . Therefore, although these patients may demonstrate neurological recovery, evidence suggests that such recovery may not translate to functional recovery, reflected as decreased independence in daily living and an inability to return to work [22] .
Our interests, in the current study and in our prior work, have largely focused on understanding the potential mechanisms underlying diminished neurocognitive performance in aSAH patients. We have investigated the functional/electrophysiological underpinnings of executive dysfunctions such as difficulties in tasks examining mental flexibility (set-shifting), inhibitory control (go-no-go) and visual short-term memory (1-back) using magnetoencephalography (MEG) [6, 7] . We have shown that MEG is feasible not only in detecting altered evoked electrophysiological activity in response to these tasks but also in examining disruptions at the level of task-based functional connections across a network of regions. In line with the neural inefficiency hypothesis in good-recovery aSAH patients [9] , our findings demonstrated increased evoked activity and increased connectivity involving the prefrontal, medial frontal regions or periventricular areas, are associated with task performance to different degrees.
One fMRI study reported that reduced hippocampal volumes in aSAH were correlated with performance on a 1-back visual memory task, but not a verbal memory task [3] . Based on this finding and one of our prior studies [7] , the aim of the current study was to use a visual memory task to extend our previous work where we examined the evoked MEG activity patterns associated with phases of visuoperceptual and task maintenance processing. In our previous study, we used a hypothesis-driven approach to assess task-based functional connectivity measures in specific brain regions related to memory processing. Our findings indicated hyperconnectivity in the aSAH group among periventricular areas, suggesting a compensatory mechanism that allowed maintenance of good performance and a high accuracy rate. Given the strong anecdotal evidence of impaired performance, we were motivated to take a different perspective on these data to try to understand what might be contributing to any slowing of performance.
In the current study, we used a data-driven statistical approach (called Partial Least Squares or PLS which we describe in the Methods below [16] ) to examine the differences in functional connectivity
patterns as it relates to reaction time slowing in aSAH patients during a visual 1-back memory task.
Specifically, we compared an MEG-based measure of phase synchrony, phase lag index (PLI) between groups across all the frequency bands up to 80 Hz, i.e., theta (4-7 Hz), alpha (8 -14 Hz), beta (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) Hz) and gamma , and evaluated its relationship with task performance. Because of the evidence supporting the roles of alpha and beta bands in attention, and short-term and working memory processes [2, 10, 14, 21] , which, if affected, could diminish performance, we expected group-level differences to arise in one or both of these bands.
Methods

Participants
Thirteen patients (mean age: 55.7 ± 10 years) and 12 matched controls (mean age: 56.5 ± 11 years)
were included in the analysis; note that one control participant from the earlier study [7] was excluded because they were deemed an outlier based on the interquartile range of reaction times within the control group. Participant demographics and other clinical information are provided in Table 1 . Inclusion criteria for patients included: 1) presence of ruptured intracranial aneurysms; 2) good neurological outcome based on the extended Glasgow Outcome Scale (GOS) [29] during follow up; 3) age ≥ 18 years; 4) a single aSAH event; 5) aneurysm treated with uncomplicated coiling; 6) no evidence of ischemic stroke in follow up imaging after the initial aSAH event; 7) no parenchymal hemorrhage. For both control and patient groups the same exclusionary criteria were applied: 1) no contraindication to magnetic resonance imaging (MRI) or to MEG; 2) no history of a stroke, or any other neurological or psychiatric disorders; 3) no history of prior brain surgery. A majority of the patients had aneurysms in the anterior (6 out of 13) or posterior (3 out of 13) communicating artery ( Table 1 ). The interval from the aSAH event to MEG was on average 18.8 (±19) months. Patients were recruited from the
Sunnybrook Health Sciences Centre, and controls were recruited from the community via flyers and word-of-mouth. Neuropsychological testing was conducted at Sunnybrook while the MEG data were collected at The Hospital for Sick Children, both located in Toronto, Canada. Research Ethics approval was obtained at both institutions.
A brief battery of neuropsychological assessments was completed by both groups. Extensive version of the Montreal Cognitive Assessment (MoCA [18] ) was administered to assess the overall functional abilities in different cognitive domains, including visuospatial, executive function, memory, attention, and language. MoCA has been found to be particularly sensitive in assessing cognitive impairments in patients with aSAH during the chronic phase of the injury compared to other measures such as The Mini Mental State Examination [34] and therefore was used in the current study. Wechsler
Abbreviated Scale of Intelligence (WASI [32] ) test was also administered to assess the full-scale IQ in both groups.
MEG task procedures
Participants performed a visual 1-back task inside the MEG ( Figure 1 ). An abstract image (which preferentially activates visual and not verbal working memory [11] ) was projected onto the center of a screen for 200 milliseconds (ms), which was replaced by a fixation cross before the next image appeared. The inter-stimulus interval was jittered between 1250 to 1500 ms. Of the total 245 images displayed, 94 were randomly repeated during the subsequent trial. Participants had to respond with a button press if the current image matched the one displayed immediately prior to it. All participants were fitted with a button box and used their right thumb to respond. Accuracy and reaction times (RT)
were calculated for all repeated trials. For MEG analysis, only the trials that participants responded to correctly were included. Henceforth, we refer to these trials as the recognition trials i.e., only the trials
that were correctly recognized, and the ones that immediately preceded them as the encoding trials. The sequence of events within a trial is illustrated in Figure 1 .
MEG data acquisition and pre-processing
MEG data were collected using a 151-channel whole-head CTG MEG system (CTF Omega, MISL Inc., Coquitlam Canada) at the sampling rate of 600 Hz. The acquisition parameter for the low-pass filter was set to 200 Hz, and a third-order spatial gradient noise cancellation was applied. Fiducial coils were placed on the nasion and the right and left pre-auricular locations to monitor the head position continuously during acquisition. After completion of the MEG recording, structural MRI was acquired in a 3-Tesla scanner with a 12-channel head coil (Magnetom Tim Trio, Siemens AG, Erlangen, Germany). The MRI was a T1-weighted sagittal scan using an MPRAGE sequence (TR=2300ms; echo time=2.96ms; flip angle=9º; FOV=192×240×256, 1mm isovoxel resolution). All data were collected with participants in a supine position.
The localization coils seen on the MPRAGE were used to mark the fiducial points, which allowed the co-registration with the MEG fiducial coils. The anatomical head modeling and pre-processing of MEG signals were carried out using the higher level functions in the MATLAB-based FieldTrip toolbox [20] . First, brain was segmented from the anatomical image. A volume conduction or a head model was generated using the single shell approximation method [19] . A source model was constructed using predefined seed locations obtained from the Automated Anatomical Labeling (AAL) atlas, which consists of 90 cortical and sub-cortical regions [30] .
The MEG trials corresponding to correct recognition and encoding trials were extracted, and epochs from -2 to 2 s (2400 samples) were created with the image onset as the origin. The epochs with motion artefacts were removed by thresholding the amplitude of the MEG signals from -2 to 2 pico
Tesla. Additionally, trials with head movements greater than 5 mm were excluded using an in-house head motion detection toolbox. The signals were also band-pass filtered from 1-150 Hz using a 5 th order
Butterworth filter. The filtered MEG time series were subjected to a vector beamformer using the linearly constrained minimum variance (LCMV) algorithm. Beamformer is an adaptive spatial filtering technique commonly used in MEG to estimate weights that allow localization of source activity from the MEG sensor data [31] . Source activity was reconstructed for each trial at all 90 AAL-based seed locations.
1-back task connectivity analysis
For deriving the connectivity estimates, trial-wise source activity was filtered into the theta (4-7
Hz), alpha (8-14 Hz), beta (15-30 Hz) and gamma (30-80 Hz) frequency bands 1 . Instantaneous phase was estimated for each filtered source time series using a Hilbert transform. For both frequency bands, phase synchrony between a source with every other source was computed by phase lag index (PLI) [28] .
PLI quantifies the consistency of the instantaneous phase angle difference between any two sources. It varies between 0 and 1, where higher PLI values reflect higher phase synchronization between sources in question. This analysis generated a 90×90 adjacency matrix of PLI values at each of the time points within a trial, including the pre-stimulus period or the baseline prior to image presentation. For the connectivity analysis, 0-400 ms was chosen as the active time window of interest. We expected to capture between-group differences in phase synchrony during ongoing visuoperceptual processing while the image was still on the screen in the first half (from 0 -200 ms), as well as capture differences in short-term maintenance during the encoding trials and the retrieval processes during the recognition 1 At the source level, we analysed connectivity in all frequency bands. As per our a priori hypotheses, there were no significant effects in theta (4-7Hz) and gamma (30-80Hz) bands. Thus, subsequent analyses, Results and Discussion focus only on the alpha and beta bands. Z-scores of the PLI adjacency matrices in the active time windows were computed based on prestimulus mean and standard deviation for the alpha and beta frequency bands. These normalized adjacency matrices were then averaged across the active time points and were subjected to MeanCentering Task Partial Least Squares (PLS) analysis to assess group differences in the encoding and recognition trials. PLS is a multivariate, data-driven statistical approach that unlike univariate parametric approaches does not necessitate corrections for multiple comparisons and handles highly correlated dependent variables in the dataset [16] . Permutation testing with 5000 iterations was used for statistical inference in the PLS framework. Bootstrapping was employed with 1000 samples and bootstrap ratios (BSR) were computed. For significant latent variables (LV) from the PLS analysis, BSR maps were interpreted at thresholds of ±3.5 as highly stable results [17] . Behavioural PLS analyses were formed within the patient group to assess correlations between beta band connectivity variables and each of the performance measures on the 1-back task. Statistical inference and interpretation of BSR maps was the same as the task PLS analysis. For both analyses, Rotman PLS toolbox in MATLAB was used [15] .
For visualizing the differences in connectivity, graph analysis was performed using the Brain Connectivity Toolbox (BCT) [26] . Node strength, the sum of edge weights connecting a node (or a source) to the rest of the network, was computed using BCT. Brain networks representing significant connectivity differences, as inferred from the PLS analyses and based on BSR, were visualized using BrainNet Viewer [35] with the nodal strength measure. 
Results
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Behavioural results
The accuracy on the 1-back task was 85.8% (±17.2) in the aSAH group, which did not significantly differ (t (23) 
Task PLS results
The first LV (LV1), depicting the relationship between task phases (encoding and recognition) in groups was significant for the beta (p=0.034; Figure 3a ) and the alpha (p<0.001; Figure 3b ) bands.
The LV1 for the beta band indicated task differences in the mean PLI, as shown in Figure 3a, contrasting encoding vs. recognition in the control group but not in the patient group. Overall, mean PLI appears to be greater during recognition than encoding in the control group compared to the patient group. Positive saliences, thresholded at BSR of 3.5, represent connections or edges driven by the recognition greater than encoding contrast, whereas negative saliences represent the connections that are observed during encoding greater than recognition contrast in the control group. LV1 saliences are plotted in Figure 3 as connections between nodes to illustrate the phase synchrony between interhemispheric temporo-occipital and fronto-parietal nodes during encoding (> recognition) and that involving left parietal, medial frontal and right prefrontal nodes during recognition (>encoding) in the The LV1 for the alpha band was significant (p<0.001) and indicated task-driven phase synchrony in brain regions activated in both controls and patients. As seen in Figure 3b , mean PLI values were larger during recognition than encoding in both groups. The connectivity patterns indicated involvement of prefrontal/orbitofrontal regions during recognition as compared to encoding.
Behavioural PLS results
Behavioural PLS analyses with RTs ( Figure 4a ) and accuracy ( Figure 4b ) were conducted to assess relationships with the mean PLI in the beta frequency band. LV1 was significant for both RT (p=0.037) and accuracy (p=0.042). A negative correlation with RT and a positive correlation with accuracy was found during recognition trials in the patient group but not in controls. Furthermore, a separate partial correlation analysis indicated significant correlations with RT (r = -0.67, p = 0.009) and accuracy (r = 0.57, p = 0.049), after controlling for WASI scores and the severity of cognitive deficits as measured by MoCA. Together, this pattern of results indicate that overall greater beta-band phase synchrony during recognition is associated with better task performance (faster RTs and higher accuracy) in the patient group, even after adjusting for potential confounding effects of cognitive deficits that may impact this relationship.
Using MEG, we investigated the differences in functional connectivity patterns in aSAH patients compared to age-matched controls, across a network of regions underlying encoding and immediate retrieval processes during a visual short-term memory, 1-back task [7, 24] . We demonstrate that despite equivalence in accuracy between aSAH patients and age-matched controls on this task, patients were slower in their motor responses to signal correct recognition of an immediately repeated stimulus by about 70 milliseconds. A global measure of MEG-based phase synchrony in the beta frequency band, derived from the time window immediately preceding the motor responses, significantly differentiated the controls from the aSAH patients. During correct recognition, the connectivity patterns in the controls were characterized by inter-hemispheric parieto-frontal connections and during encoding, widespread connections among occipital, medial parietal, temporal and frontal regions were found. It appeared that during recognition patients recruited a different network of regions compared to the controls, primarily involving the anterior frontal and temporal regions, albeit these results were not statistically significant.
Interestingly, decreased beta-band synchrony during recognition was associated with overall poorer performance on the 1-back task, i.e., lower accuracy and slower reaction times in patients, but not in controls. In direct comparison to the beta band, the measure of alpha-band phase synchronization did not differ between groups, rather indicated a significant difference between the 1-back encoding and recognition task phases in both groups, illustrating an important and distinct role of beta-band phase synchronization during retrieval in a visual short-term memory task [27] .
Experimental evidence over several decades has linked beta-band activity to motor functions, involving motor attention, sensorimotor control, motor imagery, motor preparation and execution [4, 13] . More recent evidence also suggests its involvement in a multitude of non-motoric processes such as short-term memory, action semantics in language processing [33] and attentional top-down processing [10] . One interpretation of the observed differences in the degree of beta-band synchrony and
corresponding connectivity patterns involving the frontal and parietal regions in controls and lack thereof in aSAH patients is that it may be related to impaired motor attentional and preparatory processing in patients. A significant association in patients between beta-band synchrony and reaction times further affirms this interpretation: delayed motor preparatory processes slower the motor execution.
Another, not mutually exclusive, plausible contributor to slowed latencies could be related to the processes likely occurring earlier than motor preparation/execution, namely retrieval of the stored mental representations and/or attentional processes that are involved in object recognition [23] . The divergence from connectivity patterns involving the posterior parietal cortex (PPC; supramarginal gyrus, angular gyrus), and prefrontal/frontal (dorsal superior frontal gyrus) and temporal regions (Figure 3a) that we found in patients provides some support in favor of atypical retrieval processing in aSAH. We speculate that the connections among more anterior regions in the prefrontal, frontal and temporal cortices, with less involvement of PPC in aSAH patients, reflect inefficient top-down processing, which does help achieve similar levels of accuracy as the controls but at the cost of delayed overall processing.
Interestingly, while patients were as accurate as the controls, mean beta-band synchrony was positively correlated with accuracy and negatively correlated with reaction time in patients but not in controls. This suggests that patients exhibiting lower synchrony experienced more of a detrimental effect to performance than controls exhibiting similar levels of synchrony. In general, future studies employing response-locked analyses of the connectivity patterns and using tasks with greater cognitive demands, such as a 2-back task, could help characterize the exact mechanisms of inefficient processing, particular whether they stem during attentional processing or during retrieval of stored representations or at the post-retrieval, motor-related processing stages.
Our findings add to the accumulating evidence in support of the neural inefficiency hypothesis in aSAH patients even in a relatively less demanding task such as the 1-back task. Slowing of reaction time, short-term memory and attention deficits that these patients [22] often experience may be attributed to the impaired connectivity profile among prefrontal regions and the PPC. 
